Objective: To assess the usefulness of 2 rapid molecular diagnostic techniques, polymerase chain reaction (PCR) and loop-mediated isothermal amplification (LAMP), in Clostridium difficile infection (CDI). Methods: We conducted a systematic review and meta-analysis to evaluate the accuracy of PCR and LAMP in diagnosis of CDI, including studies that used toxigenic culture or cytotoxicity assay as reference standard. Results: A search of PubMed and CinAHL medical databases yielded 25 PCR studies, including 11,801 samples that met inclusion criteria and 6 heterogeneous studies that evaluated LAMP. With toxigenic culture as a standard, pooled sensitivity was 0.92 (95% confidence interval [CI], 0.91-0.94); specificity, 0.94 (95% CI, 0.94-0.95); and diagnostic odds ratio, 378 (95% CI, 260-547). With cytotoxicity as a standard, pooled sensitivity was 0.87 (95% CI, 0.84-0.90); specificity, 0.97 (95% CI, 0.97-0.98); and diagnostic odds ratio, 370 (95% CI, 226-606). Conclusion: Polymerase chain reaction is a highly accurate test for identifying CDI. Heterogeneity in LAMP studies did not allow meta-analysis; however, further research into this promising method is warranted.
C
lostridium difficile is the most common bacterial cause of health care-associated diarrhea, accounting for 15% to 25% of antibiotic-associated diarrhea. 1 In the past several years, a rapid increase in the incidence of C difficile infection (CDI) has occurred with recognition of new, highly virulent strains causing global outbreaks. [2] [3] [4] [5] [6] Each year, CDI affects an estimated 500,000 persons, accounting for more than $1 billion in costs and 20,000 deaths. 7 Rapid and accurate diagnosis of CDI is essential both for improving outcomes of patients with CDI and for reducing horizontal transmission in health care facilities. However, diagnosis of CDI remains challenging. Most tests currently in use are either insensitive, such as the rapid enzyme immunoassay, [8] [9] [10] [11] or labor intensive and not readily available, such as the cell cytotoxicity assay and toxigenic culture. 11, 12 More recently, rapid molecular assays such as the polymerase chain reaction (PCR) 11, and the technically simpler loop-mediated isothermal amplification (LAMP) [35] [36] [37] [38] [39] [40] have become readily available for the diagnosis of CDI. Although more expensive than traditional assays, 17 these tests have potential for rapid and accurate diagnosis and have been supported by recent guidelines by the American Society of Microbiology. 41, 42 The most recent Infectious Diseases Society of America guideline states that, although promising, current data are insufficient to define the role of PCR in diagnosing CDI and makes no mention of LAMP. 43 We performed a meta-analysis to investigate the performance of PCR and LAMP assays for diagnosis of CDI when compared with reference standards of cytoxicity assays or toxigenic culture.
METHODS

Search Strategy
We conducted a search of 11 medical databases (Supplemental Appendix, available online at http://www.mayoclinicproceedings.com), including CinAHL and PubMed, from May 1, 2011, to January 27, 2012, using the keywords Clostridium difficile and polymerase chain reaction, Clostridium difficile and PCR, Clostridium difficile and LAMP, and Clostridium difficile, along with each of the following words: diagnosis, infection, and microbiology. The search was limited to clinical studies involving human patients, either children or adults, with a diagnosis or suspected diagnosis of CDI. No language or publication date restrictions were applied to the search. Studies were included if toxigenic culture or cytotoxicity assay was used as reference standard. Studies were excluded if the PCR was part of a multistep testing algorithm (eg, screening only of samples positive for glutamate dehydrogenase).
A standard form was used to extract relevant data on the basis of the preferred reporting items for systematic meta-analysis (PRISMA). 44 Study validity was assessed on the basis of the Standards for Reporting of Diagnostic Accuracy Initiative and the Review of Methodological Standards. 45 
Data Abstraction
From each study, data were abstracted on the type of PCR and reference standard used in the test. The number of true-positive (TP), false-positive (FP), true-negative (TN), and false-negative (FN) results were abstracted as well. These were summarized as sensitivity, TP/(TP ϩ FN); specificity, TN/(TN ϩ FP); positive predictive value (PPV), TP/(TP ϩ FP); negative predictive value (NPV), TN/ (TN ϩ FN) ; and prevalence, (TP ϩ FN)/(TP ϩ FN ϩ TN ϩ FN).
Positive likelihood ratio (LR ϩ ) (Sensitivity/1 Ϫ Specificity) and negative likelihood ratio (LR Ϫ ) (1 Ϫ Sensitivity/Specificity) are used to evaluate how a study measure influences posttest probability using the Bayes theorem. For a positive test result, Pretest probability ϫ LR ϩ ϭ Posttest probability, and for a negative test result, Pretest probability ϫ LR Ϫ ϭ Posttest probability. The effect a test has on posttest probability can be summarized by using the diagnostic odds ratio (DOR), defined as LR ϩ /LR Ϫ , where higher values denote a better discriminatory diagnostic test. 46 Sensitivity and specificity are true performance statistics for a test independent of disease prevalence in a population. The major determinant for these values is that the cutoff differentiates positive from negative test results, that is, the defining optical density for the PCR at which CDI is diagnosed. A high cutoff will have a low FP rate (high specificity), but more cases will be missed (low sensitivity), whereas a low cutoff will have the opposite effect. This cutoff value is termed the diagnostic threshold.
Statistical Analyses
Sensitivity and specificity for PCR and the reference standard were calculated from the data in each study. Pooled PPV, NPV, sensitivity, specificity, LR ϩ , LR Ϫ , and DOR were calculated for PCR with the use of the DerSimonian-Laird random effects model. 47 For each statistic, the 95% confidence interval (CI) was calculated on the basis of the F distribution method for the binomial proportion.
Heterogeneity was assessed with the use of I 2 analysis, where 0% indicates low heterogeneity and 100% indicates high discordance between studies. 48 Subgroup analyses were conducted using metaregression to determine the contribution of individual factors such as prevalence and PCR brand on heterogeneity, where PϽ.05 indicates a contribution to heterogeneity. One source of heterogeneity unique to diagnostic meta-analysis is the threshold effect, which occurs when studies implicitly or explicitly use different thresholds to define a positive test result. The presence of threshold effect is tested by calculating the Spearman coefficient between sensitivity and specificity, where values Յ0.5 or Ͼ0.5 indicate possible threshold effect. 49 A summary measure of accuracy (Q*) was calculated, which corresponds to the upper left-most point on the summary receiver operating characteristic (SROC) curve, where sensitivity equals specificity. This value can be between 0 and 1, with 1 indicating the highest sensitivity/specificity. This value has been recommended over the area under the receiver operating characteristic curve region of greatest interest. 50, 51 Statistics were calculated manually and with use of Meta-DiSc software. 52 
RESULTS
The PCR search strategy identified 802 potential studies, of which 733 were excluded as duplicates, basic science studies, or addressing a different research question. The full text of the remaining 69 articles was reviewed by all authors, and after excluding animal studies, review articles, case reports, and studies that used PCR for ribotyping rather than diagnosis, 19 articles were identified as meeting criteria. Repeated search and manual inspection of references yielded 6 additional studies meeting criteria, for a total of 25 included studies. This study strategy is summarized in the PRISMA flow diagram (Supplemental Figure, available online at http://www. mayoclinicproceedings.com).
The LAMP search strategy yielded 6 articles, all of which were relevant to diagnosis of CDI. This is not included in the PCR searches summarized in the PRISMA flow diagram.
The studies meeting testing criteria included a combined total of 11,801 clinical samples. Two studies were restricted to adults, 28,31 1 was restricted to children, 53 1 included adults and children older than 2 years, 29 and the remaining studies specified neither age nor target population from which samples were obtained. Testing criteria were routine laboratory test samples in 13 studies, 13, 15, 16, 18, 19, [23] [24] [25] 29, 30, 33, 54, 55 patients with symptoms in 5, 20, 26, 28, 31, 32 part of routine screening on a long-term care ward in 1, 14 and not specified in the remainder. Thirteen studies were performed outside of the United States. [13] [14] [15] [16] [18] [19] [20] 23, [30] [31] [32] 34, 53 One study was a multicenter trial with 6 US locations and 1 Canadian hospital. 54 Most of the studies were recent, with 17 having been performed after 2005. 15, 16, 18, 20, 21, [23] [24] [25] [26] [27] [28] [29] [30] 32, 34, 54, 55 Study characteristics are given in Table 1 .
The most commonly used PCR was BD GeneOhm (BD Diagnostics-Infectious Disease, La Jolla, CA) in 9 studies, 15 21, 27 and Progastro (Gen-Probe, Inc, San Diego, CA) in 3 studies. 21, 29, 56 The remaining studies used in-house sequences or less commonly known PCR tests or did not specify the sequence used. For a reference standard, 9 studies used cytotoxicity assays alone, 13, 17, 19, 20, 25, [30] [31] [32] 55 11 used toxigenic culture alone, 16, 21, 23, 24, 27, 29, 33, 34, 53, 54, 56 and the remaining studies used both reference standards. Prevalence of CDI in each study was highly variable, ranging from 6% to 37% (Supplemental Table 1 , available online at http://www.mayoclinicproceedings.com).
When toxigenic culture was used as a reference standard, pooled sensitivity was 0.92 (95% CI, 0.91-0.94), with I 2 of 77.9%, and pooled specificity was 0.94 (95% CI, 0.94-0.95), with I 2 of 93.4%.
With cytotoxicity as reference standard, pooled sensitivity was 0.87 (95% CI, 0.84-0.90), with I 2 of 76.1%, and pooled specificity was 0.97 (95% CI, 0.97-0.98), with I 2 of 79.9%. There was no evidence of a threshold effect in either the studies using toxigenic culture or those using cytotoxicity assay.
Summary receiver operator curves are displayed using toxigenic culture as the reference standard and cytotoxicity assay as the reference standard ( Figure 1 ). With a toxigenic culture standard, the area under the SROC curve is 0.99, and Q* is 0.95. Using cytotoxicity assay as the criterion standard, area under curve is 0.99, and Q* is 0.95. Overall, these statistics are consistent with an accurate diagnostic test.
With median sensitivity and specificity of the various commercial assays of the test, a plot of PPV and NPV according to prevalence is depicted in Figure 2 . Under typical conditions (prevalence, 0%-20%), the NPV of the assay is quite high, whereas the PPV performance is variable.
With toxigenic culture as a reference standard, the LR ϩ ratio was 33 (95% CI, 20-53), with moderate heterogeneity (I 2 ϭ 67.4%), and the LR Ϫ ratio was 0.09 (0.07-0.13), with moderate heterogeneity (I 2 ϭ 54.4%). At cytotoxicity assay, the LR ϩ ratio was 32.6 (95% CI, 20.2-52.5), with high heterogeneity (I 2 ϭ 76.6%), and the LR Ϫ ratio was 0.11 (95% CI, 0.07-0.18), with moderate heterogeneity (I 2 ϭ 71.0%). The DOR using toxigenic culture and cytotoxicity assay as the criterion standard are illustrated in Figure 3 . With toxigenic culture as a standard, DOR was 378 (95% CI, 260-547), with moderate heterogeneity (I 2 ϭ 37.3%). With cytotoxicity as a standard, the pooled DOR was 370 (95% CI, 226-606), with low heterogeneity (I 2 ϭ 18%). Subgroup analyses were performed using the Progastro, LightCycler, and BD GeneOhm PCRs, with toxigenic culture as reference standard, and the BD GeneOhm and Cepheid Xpert (Supplemental The effect of prevalence on the heterogeneity of the results was modeled using metaregression. This was not significant with either toxigenic culture (Pϭ.58) or cytotoxicity assay (Pϭ.24) as reference standard.
The 6 studies identified at LAMP used heterogeneous reference methods. Two studies used agreement between other molecular methods (eg, PCR as the criterion standard), 35 ,37 2 studies used a toxigenic culture standard, 39, 40 and 2 studies used a cytotoxicity assay. 36, 38 Of the latter 2 studies, 1 used LAMP only in a 2-step algorithm, 36 thus making it difficult to examine independently. The other noted a high FP rate with LAMP, which the authors attributed to superiority of LAMP over cytotoxicity assay. 38 Combined sensitivity was 0.92 (95% CI, 0.88-0.95), and specificity was 0.97 (95% CI, 0.96-0.98), with I 2 of 44.3% and 87.4%, respectively (Table 2) . In all likelihood, the differing reference standards contributed to this inconsistency. The LAMP studies included 1685 participants, with individual studies ranging in size from 74 to 472 samples. Five studies used consecutive samples submitted to laboratory testing for suspected C difficile, and 1 study 36 was restricted to children. All studies ranged in sample size, from 139 to 472 participants, with a total of 1685 individuals.
DISCUSSION
The increasing incidence of CDI, and in particular hospital-acquired CDI, is a major challenge faced by health care institutions. The spectrum of infections caused by C difficile ranges from asymptomatic colonization to toxic megacolon with septic shock. Clinical findings such as stool odor, consistency, and frequency are unreliable for diagnosis because they have poor sensitivity and specificity. 58, 59 Endoscopy, while specific if pseudomembranes are detected, is insensitive and costly to perform routinely. Thus, diagnosis of CDI hinges on microbiologic and molecular testing. A number of tests are available for diagnosis of CDI, such as enzyme immunoassay for toxins A, B, or both; cytoxicity assays for toxin B; and toxigenic culture. These tests all have limitations, either in test performance, availability, or ease of performance. 10 This uncertainty is reflected in the debatable practices of multiple-test algorithms 60 or repeated testing of stool 61 to optimize performance. Given these challenges and the variability across institutions in choice of diagnostic test, 62 the availability of PCR is a promising approach to diagnosis of CDI.
Our findings indicate that PCR is a useful diagnostic test with a high degree of accuracy on the basis of DOR and Q* statistic. Likelihood ratios, in particular when compared with a toxigenic culture reference standard, indicate that the test is useful in determining posttest probability of CDI. The SROC curves, DOR, and LR data all support the use of PCR for diagnosis of CDI as a highly discriminatory test. A negative test result is adequate to rule out the presence of the disease for both clinical and epidemiologic purposes. The predictive values depend on prevalence, which was variable in the included studies. The PPV increases as prevalence increases and reaches 95%, for a prevalence of Ն20%.
The present study has limitations that stem from heterogeneity in the design of the studies analyzed. To minimize this, we included only studies that used toxigenic culture or cytoxicity assay as the reference standard. A possible contribution to this is variability in the technique and performance of the toxigenic cultures and cytotoxicity assays, because cytotoxicity assays, in particular, may be inferior to PCR as a diagnostic method. 39 The most significant probable contributor to heterogeneity was the baseline criteria for accepting stool samples for testing. Most studies did not specify the clinical criteria used to submit stool samples to the laboratory for testing. Inasmuch as PCR may detect colonization without infection, this effect would not be reflected in prevalence calculated using the criterion standard. If some studies restricted use of laboratory testing to cases with high probability, for example, accepting only unformed stools and using Ն3 loose stools in 24 hours to define diarrhea, 63 and others included cases with low probability, this could account for the heterogeneity observed. 
DIAGNOSIS OF CLOSTRIDIUM DIFFICILE INFECTION
Mayo Clin Proc. Ⅲ July 2012;87 (7) A BˇF IGURE 3. Diagnostic odds ratio (OR) of polymerase chain reaction (PCR) tests as compared with toxigenic culture (A) and cytotoxin assay (B). Studies that evaluated more than one PCR are noted in parentheses. BDGO ϭ BD GeneOhm; CI ϭ confidence interval; CX ϭ Cepheid Xpert; LC ϭ LightCycler; PG ϭ Progastro.
We did not include studies that used PCR as part of a multistep algorithm and cannot address the role of PCR in that setting. Given the need to rapidly diagnose CDI, multistep testing algorithms may not offer an advantage but may be used for cost savings.
Our analysis extends the results of a recently published meta-analysis that compared PCR for diagnosis of CDI. 64 Deshpande et al 64 conducted a search of 4 databases and identified 19 articles published between January 1995 and September 2010. Inclusion and exclusion criteria were similar to those in the present study, although our search identified 2 additional studies that were published after the search dates used by Deshpande and colleagues. The reference standards used were also the same, although toxigenic culture and cytotoxicity assay were combined for the main analysis by Deshpande and colleagues, whereas we opted to separate these 2 groups because of their heterogeneity and to prevent double counting of populations in studies that used 2 reference standards.
LAMP seems to be a promising test according to current data; however, the high degree of heterogeneity in the study designs tempers any conclusions drawn from aggregate data. Nonetheless, the high degree of performance in each of the 6 studies makes a strong case for continued research into this diagnostic tool.
CONCLUSION
Polymerase chain reaction is a promising test for diagnosis of CDI, with high sensitivity, specificity, PPV, and NPV. We recommend PCR as a preferred diagnostic test for CDI and further investigation of LAMP as an alternative molecular diagnostic tool.
Additional studies are needed to clarify the role of PCR for detection of asymptomatic colonization and to determine whether infection control interventions directed at isolation of the asymptomatic carrier would reduce nosocomial CDI.
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